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With molecular simulation for water and a tunable hydrophobic substrate, we apply the instantaneous in-
terface construction [A. P. Willard and D. Chandler, J. Phys. Chem. B 114 1954 (2010)] to examine the
similarity between a water-vapor interface and a water-hydrophobic surface interface. The intrinsic interface
refers to molecular structure in terms of distances from the instantaneous interface. We show that attractive
interactions between a hydrophobic surface and water affect capillary wave fluctuations of the instantaneous
liquid interface, but these attractive interactions have essentially no effect on the intrinsic interface. Further,
the intrinsic interface of liquid water and a hydrophobic substrate differs little from that of water and its
vapor.The same is not true, we show, for an interface between water and a hydrophilic substrate. In that
case, strong directional substrate-water interactions disrupt the liquid-vapor-like interfacial hydrogen bonding
network.
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I. INTRODUCTION
More than forty years ago, Frank Stillinger1 argued
that the liquid water interface adjacent to extended non
polar hydrophobic substrate is universal and shares the
same microscopic features as a liquid-vapor interface.
Subsequent theory and molecular simulations support
this idea2–4 . On the other hand, some simulation data
shows that interfaces between liquid water and physi-
cally realistic hydrophobic substrates lack discernible va-
por (or dewetting) regions. Instead, water density pro-
files extending from realistic models of typical hydropho-
bic substrates can exhibit molecular layering, the details
of which depend on the chemical identity of the sub-
strate 5–12. Here, we demonstrate that this substrate
dependence reflects significant sensitivity of the position
of the average interface to weak adhesive forces. At the
same time, the fluctuations of the interface, and the mean
molecular structure relative to the instantaneous inter-
face13 are both insensitive to weak adhesive forces. We
refer to this dynamic frame of reference in which molec-
ular structure is resolved in terms of distances from the
time-varying position of the instantaneous interface as
the intrinsic interface. For water adjacent to an ex-
tended hydrophobic surface, the structure of an intrinsic
interface exhibits almost no substrate dependence, and
this intrinsic interface is quantitatively similar to that
of the water-vapor interface. This commonality is not
present at the interfaces between water and hydrophilic
substrates, which we also demonstrate in this paper. The
results presented in this paper thus constitute explicit
confirmation of Stillinger’s 1973 hypothesis, and they rec-
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oncile the apparent inconstancy presented by some nu-
merical studies.
In our classical molecular dynamics simulations, the
general system consists of a slab of liquid water in con-
tact with a model substrate. It is simultaneously in
equilibrium with its vapor phase and in contact with a
substrate. See Fig. 1a. An adjustable water-substrate
attraction controls the hydrophobicity of the substrate.
The water-substrate attractive interactions are isotropic
with respect to molecular orientation and weak compared
to hydrogen bonding. They thus influence the position
interfacial molecules without necessarily disrupting the
hydrogen bonding structure of the liquid interface. The
methodology we employ involves separating the collec-
tive fluctuations of soft liquid interfaces from the intrin-
sic molecular structure. This separation requires iden-
tifying the time-varying position of the liquid-water in-
stantaneous interface, which we accomplish following the
algorithm described in Ref.13. We use the instantaneous
interface as a dynamic frame of reference, performing a
spatial transformation that defines the vertical position
of each water molecule relative to the local instantaneous
interface rather than a fixed Cartesian plane. By doing
so the spatial deformations of the liquid phase boundary
are projected out. The degrees of freedom that remain
after this transformation constitute our definition of the
intrinsic interface.
Our methods are described in the next section. After
that, we present and discuss our results.
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2II. METHODS
A. Simulation Details
The model system consists of a slab of 2261 SPC/E wa-
ter molecules14 in periodically replicated simulation cell
measuring 5×5×10 nm3 in the x-, y- and z-direction, re-
spectively. It is propagated in time using standard molec-
ular dynamics at a temperature of 298K. A rendering
of the simulation cell is shown in Fig. 1. The simula-
tion cell is long enough in the z−dimension so that the
water condenses against the substrate and forms both a
water-substrate and a water-vapor interface. Although
the overall simulation cell is held at constant volume,
the presence of the free water-vapor interface acts as a
natural barostat to the liquid. At the bottom of the sim-
ulation cell extending across the x-y plane is a planar
hydrophobic substrate whose interactions with individ-
ual water molecules is of the form,
wλ(zi) = w0(zi) + λw1(zi). (1)
where zi is the position of the center of the oxygen atom
of the ith water molecule, and the functions w0(z) and
w1(z) are the repulsive WCA potential
15, and the attrac-
tive branch of the Lennard-Jones potential respectively.
The two parts of the water-substrate potential are given
by,
w0(z) =
{
4s
[
(σs/z)
12 − (σs/z)6 + 1/4
]
, z ≤ 21/6σs,
0, z > 21/6σs,
and
w1(z) =
{ −s, z ≤ 21/6σs,
4s
[
(σs/z)
12 − (σs/z)6
]
, z > 21/6σs,
where σs = 5A˚,  = 1.825 kBT , and the quantity λ tunes
the strength of the water-substrate attraction. We con-
sider a range of values for λ between 0.1 and 0.5, with
λ = 0.3 being approximately equal to the effective po-
tential between water and a surface composed of alkane
chains. Averages were generated using 6000 snapshots
equally spaced over a 750 ps simulation.
To measure contact angles, 1387 SPC/E water
molecules were placed inside a much larger simulation cell
(see Fig. 1b inset), one that measured 15× 15× 15 nm3.
In this larger cell the number of water molecules is in-
sufficient to bridge the periodic boundaries and responds
by forming a liquid droplet. Contact angles were esti-
mated by extrapolation on the horizontal center of mass
corrected mean solvent density profile.
To generate a model hydrophilic substrate a plane was
drawn through a slab of liquid water that had been equili-
brated at 298K. The positions of all the molecules whose
oxygen atoms reside on one side of the plane were frozen
in space to produce the hydrophilic substrate16.
B. Instantaneous interface and relative coordinates
We refer to the “standard” interface to indicate a
Cartesian frame of reference and the “intrinsic” inter-
face to indicate an instantaneous interface frame of ref-
erence. To generate the latter we utilize the construction
presented in Ref.13 for identifying the time-varying posi-
tion of the instantaneous water interface. The procedure
associates a Gaussian density function with the discrete
position of each water molecule in the system. The width
of the Gaussian is then a coarse-graining length. Here,
we use 2.4 A˚ as the width, which is approximately the
molecular diameter. The coarse-grained density field is
the sum over at the Gaussian density functions. For an
individual snapshot of the system the position of the in-
stantaneous interface is the set of points on the coarse-
grained density field whose value is equal to a density
value intermediate between the average density of the
bulk liquid and the bulk vapor. Here, we take an in-
termediate value as one-half that of the bulk liquid, ρ`.
Any choices of coarse-graining lengths between 2.2 A˚ and
3.5 A˚, and any choice of intermediate densities between
0.3 ρ` and 0.7 ρ` will yield results essentially identical to
those presented below.
We utilize two specific measures of molecular structure
in order to characterize the interface between water and
a variety of hydrophobic or hydrophilic substrates. One
is the mean solvent density projected along an axis per-
pendicular to the substrate surface, given by
ρ(α)(z) =
1
A
〈
Nw∑
i=1
δ(a
(α)
i − z)
〉
, (2)
where the superscript α indicates the relative coordinate
system (α = S for the standard interface and α = I for
the intrinsic interface), A is the substrate surface area,
the summation is over all Nw water molecules and δ(x) is
Dirac’s delta function. As illustrated in Fig. 1c, a
(S)
i and
a
(I)
i denote the distances of the oxygen atom of molecule
i from the substrate surface and instantaneous interface,
respectively.
A complementary measure of interfacial structure is
the water density fluctuations given by,〈(
δN (α)(z)
)2〉
=
〈(
N (α)(z)− 〈N (α)(z)〉
)2〉
, (3)
where N (α)(z) is the number of water molecules in spher-
ical probe volume with radius σp = 3A˚ and center a dis-
tance z from the αth interface (α being either S or I),
i.e.,
N (α)(z) =
Nw∑
i=1
Θ
(
σp −
√
x2i + y
2
i + (a
(α)
i − z)2
)
, (4)
where Θ(d) is the Heaviside function, either 1 if d ≥ 0 or
0 if d < 0, and xi and yi are the Cartesian coordinates
of molecule i.
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FIG. 1. (a) A snapshot of the simulation system. Water molecules are rendered in red and white and the hydrophobic interface
is rendered in green. The position of the instantaneous interface is represented by a solid blue line. (b) The dependence of
contact angle, computed using simulation data, on the substrate-water attractive parameter λ. (c) Schematic illustration of
the coordinate system for the standard and intrinsic interface. The vertical position of a molecule j relative to the standard
interface is a
(S)
j and the vertical position of a molecule i relative to the intrinsic interface is a
(I)
i .
In the next two subsections we analyze ρ(α)(z) and〈
(δN (α)(z))2
〉
for the full and intrinsic interfaces at
model hydrophobic and hydrophilic substrates.
III. RESULTS AND DISCUSSION
A. Hydrophobic Substrates
Changing the parameter λ changes the strength of
substrate-water attractions and thus changes the hy-
drophobicity of the substrate. Figure 1(b) shows how a
water-drop contact angle, θ, reflects these changes. Ac-
cording to our simulations, over the range of λ consid-
ered, cos(θ) is approximately a linear function of this
attractive-interaction parameter.
Figure 2 shows the λ dependnce of water density pro-
file, ρ(α)(z), computed for both the standard and the
intrinsic interface. For comparison, the average density
profile of the free liquid-vapor interface is also shown.
The density profile for the standard interface, Fig. 2a, is
notably sensitive to the relative hydrophobicity, exhibit-
ing behavior ranging from a sigmoidal liquid-vapor-like
profile at λ = 0.1 to an oscillating profile indicative of
molecular layering at λ = 0.5. This sensitivity reflects the
fact that the instantaneous interface is a soft collective
variable. The fluctuations of the soft interface obscures
the universal behavior of the intrinsic interface, whether
in contact with a hydrophobic surface or a vapor phase.
Projecting out the spatial fluctuations of the soft liquid
interface by focusing on the intrinsic interface, Fig. 2b
shows a collapse of ρ(I)(z) onto a single curve. The in-
trinsic hydrophobic density profile exhibits pronounced
molecular layering, and it is essentially indistinguishable
from the density profile of the intrinsic liquid-vapor in-
terface.
Fluctuations from the mean density profile illustrate
the same point. Specifically, Fig. 3 shows our simula-
tion results for
〈
(δN (α)(z))2
〉
for both α = S and α = I.
For the standard substrate-water interface, density fluc-
tuations are much larger near the substrate than in the
bulk liquid. The magnitude and spatial variation of these
fluctuations depend sensitively on λ. In contrast, these
fluctuations in reference to the instantaneous interface
are at most weakly dependent on λ, and very much sim-
ilar to those of the liquid-vapor interface.
The λ dependences of ρ(α)(z) and
〈
(δN (α)(z))2
〉
in-
dicate that the hydrophobic interface of water is indeed
a liquid-vapor-like interface that is pinned to an attrac-
tive substrate. The attractions are weak in comparison
to water-water hydrogen bonding, but strong enough to
compete with the entropically driven capillary-wave mo-
tions of the phase boundary. The molecular structure of
the standard interface therefore represents a convolution
of the universal intrinsic molecular structure with a po-
sition distribution for the instantaneous liquid interface.
The latter is substrate dependent and accounts for the
observed sensitivity of interfacial structure on substrate
hydrophobicity (such as that seen in Fig. 2a and Fig. 3a).
The distance between the instantaneous interface and
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FIG. 2. The mean interfacial water density profile, ρ(α)(z) is
plotted for the standard interface (α = S) in the top panel and
the intrinsic interface (α = I) in the bottom panel. Densities
are normalized by the bulk liquid density ρb.
the substrate – the instantaneous interface height, h, de-
fined in Fig. 1c) – has a distribution of values. This
distribution, P (h), provides another perspective on the
story summarized in the previous paragraph. Bear in
mind that P (h) is system-size dependent because of the
relationship between capillary wave amplitude and wave-
length17,18. Nonetheless, for a series of identically sized
systems, P (h) provides qualitative insight into the statis-
tics governing spatial fluctuations of water-substrate in-
terfaces. Figure 4 shows that P (h) has large dependence
on substrate identity. For a liquid-vapor interface, P (h)
is broad and roughly Gaussian, consistent with expecta-
tions from capillary wave theory. For the hydrophobic
substrates P (h) is narrower than the liquid-vapor case
and asymmetric about the mean. The tails of P (h) are
truncated for fluctuations in the direction of the substrate
(h < h¯), which is a manifestation of substrate excluded
volume. In contrast, the tails are exaggerated for fluctu-
ations of the interface into the bulk (h > h¯). Those non-
Gaussian fat tails are a signature of transient collective
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FIG. 3. The interfacial water density fluctuations in a 3A˚
spherical probe volume whose center is a distance z from the
position of the substrate surface, i.e. the standard interface
(top), or the instantaneous liquid phase boundary, i.e. the
intrinsic interface (bottom). The quantity in the denomina-
tor,
〈
N (α)(z)
〉
is the average number of water molecules in
the same probe volume (α = S or α = I for the standard and
intrinsic interface respectively). The horizontal line indicates
the bulk value of the water density fluctuations.
detachments of segments of the liquid interface from the
weakly attractive substrate16,19–21 and hence are more
pronounced for increasingly hydrophobic surfaces. Sen-
sibly, therefore, the fat tails are most pronounced when
λ = 0.1 and become less so monotonically as λ increases.
B. Hydrophilic Substrate
Unlike the picture we have drawn for hydrophobic sur-
faces, the behavior of water interfaces adjacent to hy-
drophilic surfaces are not liquid-vapor-like. To see this
fact, we follow the protocol in the previous subsection by
5-8
-6
-4
-2
0
2
-4 -2 0 2 4 6
ln
[P
(h
)]
(h− h¯)/A˚
liq-vap
λ = 0.1
λ = 0.3
λ = 0.5
philic
FIG. 4. The probability distribution governing height fluctu-
ations of the instantaneous liquid interface.The distributions
here are plotted relative to the average height of the interface
h¯.
computing ρ(I)(z) and
〈
(δN (I)(z))2
〉
for the intrinsic in-
terface between water and a model hydrophilic substrate
(see Methods section for substrate details). The model
hydrophilic substrate is locally polar and capable of form-
ing favorable hydrogen bonds with water molecules in the
liquid. As shown in Fig. 5, unlike the hydrophobic case,
at the intrinsic hydrophilic interface both ρ(I)(z) and〈
(δN (I)(z))2
〉
do not resemble their liquid-vapor counter-
parts. The solvent density ρ(I)(z) still exhibited molecu-
lar layering but with peak positions, and relative heights
that are qualitatively different from that of a liquid-
vapor interface. The z-dependence of
〈
(δN (I)(z))2
〉
ex-
hibits similar qualitative but different quantitative be-
havior than for that of a hydrophobic interface indicating
that the solvation environment at a hydrophilic interface
is fundamentally different than at a hydrophobic inter-
face. In accordance with expectations that the liquid
water interface interacts strongly with the hydrophilic
substrate, the distribution of interface heights, P (h), is
both narrow and symmetric.
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